Introduction
The basic requirement for high-quality seam is that the material during the technological process of sewing moves along the defined length in order to achieve a uniform stitch length. It is only possible to move the work piece when the needle is not in the material, unless needle feed is used. The feed and presser foot of the sewing machine act differently on the work piece, depending on surface characteristics, thickness of the sewn material, stretch, and seam direction. This results in a variety of movements of the work piece that affect the deviation and change in the stitch length. Feed conditions of the work piece affect stitch length stability to a great extent. These conditions depend on the equipment being used as well as on the properties of the fabrics to be sewn. With reference to the equipment first and foremost, the system of work piece feed, accuracy of defining stitch length, and sewing speed are meant. The most important parameters of the work piece feed are vertical forces of the presser foot as well as horizontal forces occurring between the work piece and the feed system. Late detection of inadequate feed and parameters affecting seam quality cause manufacturing errors. Introducing the "online" seam quality monitoring system just in time makes it possible to detect seam faults, and in this way, the manufacturing process will meet quality requirements [1] . Besides feeding the work piece, the other significant factors for high-quality seam are penetration force of the sewing needle, selection and tension of the sewing thread, sewing needle size, and needle point as well as other variables that directly or indirectly affect the quality of the finished product. Correction of certain parameters affects the quality of the seam which is one of the basic requirements for a quality product [2] [3] [4] .
Materials used for investigation and methods
Three types of knit fabrics were used to perform the experimental part of examining horizontal and vertical forces acting on the presser foot during the fabric feed in the sewing process:
• double jersey (rib one plus one),
• interlock knit fabric and
• bleached interlock knit fabric.
To make these knit fabric samples, single cotton yarns were used. The plain double knit fabric was made from 20-tex yarns, the interlock knit fabric was made from 22-tex yarns, and the bleached interlock knit fabric was made from 16-tex yarns whose parameters are listed in Table 1 . The basic parameters of the cotton yarns that were used to make the knit fabrics are listed in Table 2 .
To examine horizontal and vertical forces acting on the presser foot in the process of sewing knit fabrics, a sewing thread made of 100% PES filaments with a fineness of 13 tex × 2 tex was used (Table 3) .
To examine horizontal and vertical forces acting on the presser foot in the sewing process of knit fabrics, a needle designated Nm70 with light ball point, system SES, was used, which does not damage the threads when penetrating the knit fabric, but displaces them to the side [5] . Tests were performed on knit fabric samples of size 25 cm x 25 cm, and two and three knit fabric plies were sewn with characteristic seams according to ISO 4916, using sewing speeds of 3,000 and 4,000 stitches/
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The min, respectively. The tests were carried out using a measuring system that allows the measurement of the penetration force of the sewing needle, the tension force of the thread, and the horizontal and vertical forces of the presser foot of the sewing machine. This measurement system includes a universal double lockstitch Pfaff 483 machine with sewing speed up to 6,000 stitches/min, impulse counter, signal line, manual control, analog-to-digital converter, screen, graphic printer, analog filter, signal amplifier, sensor for needle penetration force, sensor for thread tension force, presser foot, horizontal force sensor for the presser foot, and vertical force sensor for the presser foot.
Analysis of forces during the fabric feed
The parameters of the technological process of sewing knit fabrics (sewing speed, presser foot force) require mutual adjustment to avoid the uncontrolled movement of the work piece, which would allow the formation of a symmetrical seam without causing a damage to the knit fabric during sewing. The vertical pressure of the presser foot on the work piece is determined by adjusting the presser bar to which the foot is fastened and adjustable. This action together with the feed system generates horizontal and vertical force on the drop feed. The interaction of the feed mechanism, the throat plate, and the presser foot enables the feed of the work piece; it depends on the thickness, structure, stretch of the work piece, and the sewing direction. An increase in vertical and horizontal force increases friction, which is the reason why it is necessary to optimize presser foot force in order to achieve the optimum fabric feed. Presser foot force is adjusted by the contact of the feed mechanism with presser foot. This contact effect increases when sewing speeds are higher. The total interaction of the system, needle bar, presser foot, feed system, and work piece, generates the clamping force as a result of oscillation, which makes the work piece feed difficult [6] . Sewing would be impossible without the appropriate feed and the appropriate force of the presser foot. If the presser foot force is too small, it causes an uncontrolled movement of the work piece, and if the sewing speed is increased, feed pucker occurs in the lower ply of the work piece, while too high a presser foot force causes damages to the work piece, especially on delicate and fine materials such as knit fabrics. Shear force or horizontal force generates the actual feed of the sewing material. The feed system [7] generates this force. Contrary to shear force, compressive force or vertical force coming from the bottom of the presser foot acts over the sewing material.
Dynamic model of vertical movement
The vertical movement of the presser foot, the spring, and the fabric and their parameters in the sewing process require proper adjustment within the given limits. The dynamical model 
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Dynamic model of horizontal movement
The analysis of the horizontal movement of the fabric guided by the pressure of the feed mechanism in the case of sewing two plies of fabric can be roughly modeled by a simplified dynamic model [9,10].
The damping and elasticity of part of the upper ply of the fabric between the previous needle stitch and the position of the next needle stitch is represented by the extent of stiffness c and the shock absorber of constant damping β. Friction occurs on contact surfaces, and in this case, we have three contact surfaces:
• feed dog-bottom fabric ply, friction coefficient μ 3 ,
• between two fabrics, friction coefficient μ 2 ,
• between the presser foot and the upper fabric, friction coefficient μ 1 . Table 4 shows the results of the analysis of the research results of vertical and horizontal forces at different sewing speeds through two and three fabric plies. Each type of the examined knit fabric was sewn 20 times.
Research results
In the case of sewing the double knit fabric through two plies of fabric using a sewing speed of 3,000 stitches/min, vertical force was higher by 7.91% in relation to horizontal force. In the case of sewing through two plies of fabric using a sewing speed of 4,000 stitches/min vertical force was higher by 34.7%.
By comparing the forces during sewing with 3,000 and 4,000 stitches/min through two plies of fabric, vertical force showed an increase by 39.5% at a higher speed, while horizontal force was higher by 14.6 %, also at a higher speed. When sewing the double jersey (rib one plus one), through three plies of fabric at a sewing speed of 3,000 stitches/min, vertical force was higher by 33.7% in relation to horizontal force. When sewing through three plies of fabric at a sewing speed of 4,000 stitches/min, vertical force was higher by 43%. By comparing the force when sewing at a sewing speed of 3,000 and 4,000 stitches/min through three plies of fabric vertical force showed an increase by 25% at a higher sewing speed, while horizontal force was higher by 14.4%, also at a higher sewing speed. In the case of sewing the interlock fabric through two plies of fabric using a sewing speed of 3,000 stitches/min, vertical force was higher by 9.8% in relation to horizontal force. In the case of sewing through two plies of fabric using a sewing speed of 4,000 stitches/min, vertical force was higher by 31.7%.
By comparing the forces during sewing with 3,000 and 4,000 stitches/min through two plies of fabric, vertical force showed an increase by 37% at a higher speed, while horizontal force was higher by 17%, also at a higher speed. When sewing the interlock fabric through three plies of fabric at a sewing speed of 3,000 stitches/min, vertical force was higher by 33.2% in relation to horizontal force. When sewing through three plies of fabric at a sewing speed of 4,000 stitches/min, vertical force was higher by 39.5%. By comparing the force when sewing at a sewing speed of 3,000 and 4,000 stitches/min through three plies of fabric vertical force showed an increase by 25% at a higher sewing speed, while horizontal force was higher by 17%, also at a higher sewing speed.
In the case of sewing the bleached interlock through two plies of fabric using a sewing speed of 3,000 stitches/min vertical force was smaller by 19% in relation to horizontal force. In the case of sewing through two plies of fabric using a sewing speed of 4,000 stitches/min vertical force was higher by 25%.
By comparing the forces during sewing with 3,000 and 4,000 stitches/min through 2 plies of fabric vertical force showed an increase by 49.8% at a higher speed, while horizontal force was higher by 16.8%, also at a higher speed. When sewing the bleached interlock fabric through three plies of fabric at a sewing speed of 3,000 stitches/min, vertical force was smaller by 7.6% in relation to horizontal force. When sewing through 3 plies of fabric at a sewing speed of 4,000 stitches/min, vertical force was higher by 34.2%. By comparing the force when sewing at a sewing speed of 3,000 and 4,000 stitches/min through three plies of fabric vertical force showed an increase by 49.7% at a higher sewing speed, while horizontal force was higher by 17%, also at a higher sewing speed.
The statistical analysis by three-factor variance analysis is shown in Tables 5 and 6 . Vertical and horizontal forces are analyzed using the Kolmogorov-Smirnov normal distribution test. This is a condition for the application of a model of threefactor variance analysis. Tables 5 and 6 show that the influence of the main effects (factors are type of knitting, number of layers, and sewing speed) are statistically significant. Of the possible interactive influences, it is statistically significant only in the case of the type of knitting combined with the speed of sewing and only for the vertical force ( Figure 5) [11].
Conclusion
By analyzing the research results, the following conclusions were achieved:
• Higher values of vertical forces in relation to horizontal forces of the presser foot of the sewing machine were determined for all three types of knit fabrics.
• The values of the investigated forces increased by increasing the number of fabric plies and the sewing speed.
• The values of vertical forces were higher than the values of horizontal forces, except in the case of the bleached interlock knit fabric when sewing 2 and 3 fabric plies at a sewing speed of 3,000 stitches/min.
In the light of the above findings, it is necessary to optimize the above-mentioned parameters analyzed in this study to achieve a high-quality seam on knit wear. The optimal adjustment of the investigated parameters affects the quality of the seam which is one of the basic prerequisites for a high-quality product.
